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Abstract - The current work investigates flow-induced vibrations of piping structures with flow restricting orifices due to separated
two-phase flow. Air-water flow through a flow restricting orifice with area ratio of 0.25 was experimentally investigated at various
superficial velocities ranging from J. from 0.46 m/s to 1.3 m/s and Je from 0.76 m/s to 1.7 m/s. The vibration response of the piping
structure was captured for stratified-wavy and dispersed annular flow patterns. Also, the time signals of piping displacement and void
fraction with the flow structure were analysed. The results show that Flow induced vibrations of piping structures with a flow restricting
orifice due to separated two-phase flow due to flow restricting orifice is a strong function of the void fraction upstream of the orifice for
stratified-wavy flow pattern. Moreover, the amplitude of vibration at frequency conditions in the neighbourhood of the dominant void
fraction frequency reduced with the increase in the gas superficial velocity.
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1. Introduction

Flow induced vibration is an important issue that affects the reliability of structures in industries. Significant cases of
wears and failures in these structures have been reported under single and two-phase flow conditions [1], [2]. Unlike single
phase flow, two-phase flow is of concern because of the flow unsteadiness. The two-phase flows properties including the
void fraction, momentum and density vary across pipe section. This variation in properties depends on the phase distribution
also known as the flow pattern. Various types of the two-phase flow patterns exist. This flow patterns may change when
two-phase flows through flow controlling devices such as elbow, tee’s, valves and orifices [3-5]. In these devices, flow
separation and redistribution downstream; increase the pressure fluctuations on the walls of the piping structure. These
pressures fluctuations may be large enough to cause significant amplitude levels of the structure. The vibrations may result
in fretting wear and failure of the structure. Therefore, it is important to understanding the dynamic behaviour of flow through
piping components is essential to the integrity of the components.

Previously, some effort has been reported to relate two-phase flow properties such as pressure fluctuations and
momentum to the dynamic response of the piping components including tee’s U-bends and elbow[6-8]. The reported works
emphasised on the separated and the slug flow patterns [9,10]. In the slug flow pattern, the slug impact and the momentum
change have been identified as the dominant excitation forces [8]. Also, in the separated flow pattern, the wave impact has
been identified as an excitation force [10]. Recently, Bamidele et al.[11] investigated various two-phase flow patterns
including bubbly, intermittent and separated flow for the effect of properties such as quality and slip ratio on the vibration
amplitudes of piping structures with a flow restricting orifice. Several studies have also been reported on two-phase flow
through orifices but, not much has been done on the dynamic response of piping structures with a flow restricting orifice for
two-phase flow [12-14]. Also, no work has been done to relate instantaneous void fraction signal with the response of the
structure.

The main objective of the current work is to experimentally investigate two-phase flow induced vibration due to
separated flow in a piping structure with a flow restricting orifice with an area ratio 0.25. The stratified-wavy and dispersed
annular flow patterns were investigated and an attempt to relate the time signals of piping displacement and void fraction
with the flow structure will be made.
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2. Experiment

The experimental set-up comprised of a closed air-water loop (figure 1). An orifice of area ratio of 0.25 was installed in
a 1-inch pipe to at 2.4 m downstream of piping structure. Air-water mixture was passed through the pipe at various superficial
velocities ranging from J. from 0.46 m/sto 1.3 m/s and Je from 0.76 m/s to 1.7 m/s. The separated two-phase flowed through
the orifice and the flow induced vibrations of the structure was investigated just downstream of the orifice.

For the two-phase flow dynamics, a particle tracking system which made use of camera and laser sheet (PI1V) [15-19]
was employed. The investigation was done at the location of collection of vibration data 0.2m downstream of the orifice.
Seeded ionized water at room temperature was passed through a two-phase flow mixer in which air was added to form an
air-water mixture. The mixture preceded through the 1/2inch orifice the horizontal acrylic pipe for analysis. A thin laser
sheet was passed through the center of the orifice to create a plane for illumination of the particles (polyamide particles) for
easy tracking by a high speed Speed-sense camera mounted perpendicularly to the plane of the laser sheet. The high speed
camera was used to track the absolute movement of the particles and to capture 2D images of the air-water mixture as it
passed through the laser sheet, downstream the orifice. DANTEC Studio© data processing software for phase discrimination
was employed for image processing. Furthermore, flow visualization was done with the aid of a high speed to analyze flow
redistribution through the orifice. The high speed camera was used without the laser to capture the flow from top and side
view, upstream and downstream the orifice. The high-speed images were visually checked for flow redistribution.
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Fig. 1: Schematic of two-phase flow Loop.
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Fig. 2: Location of tube supports and measuring sensors.

In addition to liquid particle tracking using PIV and flow visualization, capacitance and laser displacement sensors were
employed to measure the time average void fraction of flow and the flow-induced displacements of piping structure. The
vibration data was collected in the vertical direction (y), along a coordinate perpendicular to the direction of flow. The two-
phase void fractions at various locations along the piping were studied including the fully developed void fraction (location
1), the void fraction at the entrance of the orifice (location 2) and the local void fraction at the location of collection of the
vibration data (location 3) as shown in figure 2. A concave-type capacitance sensor was employed to measure void fraction
for of the flow. Details of this can be found in Ahmed [20]. The void fraction data was collected simultaneously with the
vibration data to study the effect of the time varying void fraction data on the vibration data. In addition to this, the high
speed camera was synchronized with the void fraction and the vibration signal in order to relate the three signals. The data
was processed on MATLAB and their Fast Fourier Transform (FFT) was evaluated and plotted for analysis.

3. Results and Discussion

In order to characterize the piping structure for free vibration, a simple pluck test was conducted for the empty pipe
structure and another for the pipe filled with stagnant water. A highly damped system was observed with damping ratios of
7.5% and 8.7% for the empty and water filled pipe respectively. The dominant natural frequency for the empty pipe structure
was 6.6Hz for the empty pipe and 6Hz for the water filled pipe.

In order to validate the PIV experimental set-up, the velocity profile gotten from PIV analysis of single phase water
flow through the orifice was plotted against Smith et al. [21] experimental work and Araoye [22] CFD simulation on ANSYS.
The results show good agreement for both cases.

3.1. General Flow Structure

After the initial test cases, flow visualization was carried out for flow pattern identification and flow structure analysis.
The stratified-wavy and annular dispersed flow patterns were analysed. Representative images for the side and the top view
are shown in figure 3a and b. It is important to note that the top and side view images were taken at different instances of
time. In the stratified-wavy flow, as the wave approached the orifice it was observed that the liquid hold-up upstream of the
orifice increased and the pipe appeared to be excited at the impact of the wave (figure 1). The force of the wave pushed the
liquid jet through the orifice and some backflow was observed because of the lower pressure in the neighbourhood of the
orifice downstream.
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(a) Side View (b) Top View
Fig. 3: Images of stratified-wavy flow through orifice at J_ of 0.46 m/s and J; of 0.76 m/s.

The two-phase mixture rolled backwards towards the orifice (figure 3a). Subsequently, the gas phase passed through and
stratified-wavy flow was observed downstream of the orifice (figures 3a and b). The top view images (figure 3b) show more
symmetric flow compared to the side view in figure 3a. In the case of the annular dispersed flow, similar liquid hold-up and
back flow were observed.

The initial flow visualization, PIV analysis was carried out to determine the flow field. Various superficial velocities for
liquid and gas were investigated. Sample results are shown in figure 4. The cases shown in figure 4 show the raw image of
the two-phase mixture upstream, the streamline, vectors and vorticity plots. Also, the turbulence intensity is shown the RMS
of the velocity coloured by the mean velocity in the direction of flow. The raw image shows broken bubbles downstream of
the orifice. The two-phase mixture appeared to be homogeneous. The streamline plots show an axial motion with some
backflow at the lower corner of the orifice downstream. This backflow reduced with the increase in the gas superficial
velocity from 0.76 m/s to 1.7 m/s. Moreover, the magnitude of the velocity appeared to increase with the increase in the
superficial velocity of the gas phase as shown in the vector plots. The turbulence intensity downstream of the orifice increased
with the increase in the superficial velocity of the gas. This is expected because the void fraction downstream of the orifice
reduced with increase in the gas superficial velocity (figure 5iii). Also, the magnitude of the vorticity at the bottom of the
orifice, is reduced at the top part of the orifice with the increase in the superficial velocity of the gas phase.
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Fig. 4: Side view of time average (a) Raw image (b) streamlines (c) Vectors (d) vorticity (e) Turbulence Intensity plots from PIV
analysis of stratified-wavy flow downstream of orifice for J_ at 0.46 m/s and Jg at (i) 0.76 m/s (ii) 1.1 m/s (iii) 1.7 m/s.

3.2. General Vibration

After the analysis of the flow structure, 15 cases of separated flow were investigated for the effect of the
and superficial velocities on the dynamic response of the structure. Five liquid superficial velocities were investigated from
0.46m/s to 1.3 m/s. For superficial velocity of the liquid, three superficial velocities of the gas phase were investigated
including Je at 0.76 m/s 1.1 m/s and 1.7 m/s. All the cases studied were in the stratified-wavy and the dispersed annular flow
patterns. Representative results are shown in figures 5 and 6. The FFT of the void fraction upstream and at the location of
collection of vibration data (figure 5 i and ii) who the frequency of the void fraction while the PDF plots (figure 5 ii and iv)
show the probability distribution of the of the gas phase. In all the cases, the observed void fraction frequency was low. Also,
excitation frequencies were observed in the neighbourhood of the void fraction frequency and the natural frequency of the
piping. For the stratified-wavy flow, an excitation frequency was observed in the neighbourhood of the void fraction
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frequencies upstream and at the location of collection of vibration data (figure 5). The amplitude of vibration of the structure
at this frequency was dominant compared to the amplitude of excitation in the neighbourhood of the natural frequency (figure
5v). In the neighbourhood of the natural frequency, the amplitude of excitation increased with the increase in the superficial
velocity of the gas phase. On the other hand, in the neighbourhood of the void fraction frequency, the amplitude of excitation
decreased with the increase in the superficial velocity of the gas phase. This could be because as more gas was injected into
the flow, the flow becomes pure smooth stratified. More so, the excitation in the neighbourhood of this wave also reduced
as shown in figure 5. On the other hand, in the dispersed annular flow, the excitation in the neighbourhood of the void
frequency and the natural frequency appeared to increase with the increase in the gas flow rate.

Furthermore, the vibration amplitude increased with the increase in the superficial velocity of the gas phase (figure 6).
The frequency spectrum of the void fraction increased with the increase in the superficial velocity of the liquid phase. Within
the dispersed annular flow pattern, multiple peaks were observed at various frequencies in the FFT of the void fraction. This
is mainly because of the unsteadiness in the dispersed annular flow pattern.

3.3. Time Varying Signals

The time signals for stratified-wavy flow and dispersed annular flow are shown in figures 7 and 8. The results show that
time response of void fraction upstream and that the shape of the sinusoidal wave in the piping response can be used to
predict the two-phase flow pattern that is causing the excitation (figure 7 a and b). In the stratified-wavy flow, the time-
amplitude signals show that the excitation frequency of the piping structure is around the wave frequency. Furthermore, a
lag was observed in the piping response compared to the void fraction. This suggests that higher amplitudes of excitation
may be expected toward the end of the wave than the beginning (figure 7a). Multiple vibration frequencies were observed
in the dispersed annular flow as shown in figure 7b response.
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Fig. 5: FFT plots for vibration response and void fraction. PDF of void fraction for J_ at 0.46 m/s and Jg at (a) 0.76 ms/ (b) 1.1 m/s and
(c) 1.7 m/s. (i andii) FFT and PDF of void fraction upstream, (iii and iv) FFT and PDF of void fraction downstream,(v) FFT of
vibrations response.
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Fig. 6: FFT plots for vibration response and void fraction. PDF of void fraction for Jg at 1.7 m/s and J._ at (a) 0.46 ms/ (b) 0.82 m/s and
(c) 1.3 m/s. (i and ii) FFT and PDF of void fraction upstream, (iii and iv) FFT and PDF of void fraction downstream,(v) FFT of
vibrations response.

After the analysis of the time signals, the high speed camera was synchronized with the vibration sensor and the void
fraction sensor to relate the flow structure response with the time signals of the flow characteristics. Sample results for
separated flow are shown in figure 8. For clarity, the figure at the top are enlarged of the ones below. It was observed that
the excitation of the piping occurred when the gas phase approached the orifice (time 0.14s to 0.18s). Also, an increase in
the excitation amplitude was found to occur at the end of the wave (0.26s).
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Fig. 7: Time signal for piping displacement and void fraction for (a) stratified-wavy flow at J_ of 0.46 m/s and Jg of 1.7 m/s (b)
Dispersed annular flow at J, of 1.3 m/s and Jg of 1.7 m/s.
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Fig. 8: Time varying signals of amplitude of piping displacement and time stamped images for separated flow at
JL=11m/sand Js = 1.7 m/s.

4. Conclusion

e Flow induced vibrations of pipings structures with a flow restricting orifice due to separated two-phase flow is
dependent on the upstream void fraction.

e Two main frequencies of excitation were observed in Stratified-wavy flow. The first was in the neighbourhood of
the void fraction frequency and the other in the nighbourhood of the natural frequency of the structure.

e In the dispersed annular flow, multiple excitation frequencies were observed in the neighbourhood of the void
fraction frequency.

e The vibration signal was found to depend on the flow pattern changes and the instantaneous void fraction.

¢ Inthe stratified-wavy flow pattern, the vibration amplitude reduced with the increase in the gas superficial velocity.
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